Abstract The central organelle within the secretory pathway is the Golgi apparatus, a collection of flattened membranes organized into stacks. The cisternal maturation model of intra-Golgi transport depicts Golgi cisternae that mature from cis to medial to trans by receiving resident proteins, such as glycosylation enzymes via retrograde vesicle-mediated recycling. The conserved oligomeric Golgi (COG) complex, a multi-subunit tethering complex of the complexes associated with tethering containing helical rods family, organizes vesicle targeting during intra-Golgi retrograde transport. The COG complex, both physically and functionally, interacts with all classes of molecules maintaining intra-Golgi trafficking, namely SNAREs, SNARE-interacting proteins, Rabs, coiled-coil tethers, vesicular coats, and molecular motors. In this report, we will review the current state of the COG interactome and analyze possible scenarios for the molecular mechanism of the COG orchestrated vesicle targeting, which plays a central role in maintaining glycosylation homeostasis in all eukaryotic cells.
Introduction
Protein transport within the secretory pathway is a highly orchestrated process, utilizing many molecular players including SNAREs, Rabs, and vesicular tethering proteins (Cottam and Ungar 2012) . Transport within this pathway is carried out by small membranes, termed vesicles, and there are four main steps to their transport including budding, tethering, docking, and fusion (Bonifacino and Glick 2004) . The central organelle within the secretory pathway is the Golgi apparatus, a collection of flattened membranes organized in a cis-medial-trans fashion. The main function of the bulk of the Golgi is the post-translational modification of secretory proteins, and the different cisternae are defined by the residence of different modifying enzyme subsets. The Golgi is responsible for the modifying, sorting, and packaging of secretory macromolecules. The cisternal maturation model is currently the most accepted model describing the transport of cargo within the Golgi apparatus. This model depicts Golgi cisternae that mature from cis to medial to trans by receiving resident proteins, such as glycosylation enzymes, via retrograde vesiclemediated (COPI-coated), recycling the Golgi cisternae resident proteins (Bonifacino and Glick 2004; Glick et al. 1997 ). In this model, new cis cisternae are formed by the fusion of ER-derived (COPII coated) vesicles followed by the fusion with retrograde COPI vesicles that deliver cisGolgi-localized enzymes.
Vesicle tethering is a two-step process that involves capturing vesicles and organizing the vesicles on acceptor membranes. The current model postulates that the initial sequestering of a vesicle is achieved by long coiled-coil tethers, which with their extended rod-like coiled domains make them ideal for long-range vesicle capturing (Cottam and Ungar 2012; Ramirez and Lowe 2009; Munro 2011 ).
The next stage of tethering involves a group of tethers known as multi-subunit tethering complexes (MTCs). During MTC-mediated tethering, a captured vesicle is now held at its acceptor compartment to organize the vesicle for critical pre-fusion steps such as v-SNARE/t-SNARE alignment. Tethering complexes, in concert with small Rab GTPases, Sec1/Munc18(SM) proteins, and SNAREs, organize the docking of a vesicle to its acceptor compartment and thereby (in conjunction with the long coiled tethers) determine the targeting specificity of vesicles. Such targeting is a critical determinant of protein sorting and thus of maintaining the compartmental identity within the secretory pathway.
The conserved oligomeric Golgi (COG) complex, an MTC of the CATCHR (complexes associated with tethering containing helical rods) family, functions as a vesicular tether during retrograde intra-Golgi trafficking (Zolov and Lupashin 2005) . The COG complex consists of eight subunits [named COG1-8 (Whyte and Munro 2001; Ungar et al. 2002) ] which are separated into two sub-complexes named lobe A (COGs 1-4) and lobe B (Cogs 5-8) (Fotso et al. 2005; Ungar et al. 2005) with an interaction between COG1 and COG8 bridging the two lobes together. The COG complex tethers vesicles recycling Golgi resident proteins (such as glycosylation enzymes) and therefore is essential for the proper glycosylation of secretory proteins (Pokrovskaya et al. 2011; Shestakova et al. 2006; Kingsley et al. 1986 ). Defects in COG subunits manifest into a class of human diseases known as congenital disorders of glycosylation (CDG) type II (Zeevaert et al. 2008) .
The COG complex is a peripheral membrane protein complex that exists in cells in both a soluble, mostly octameric form (Fotso et al. 2005; Ungar et al. 2002; Whyte and Munro 2001) , as well as in a membrane-bound form. Membrane-bound COGs are present in different arrangements, including the complete COG1-8 complex, lobe A and lobe B sub-complexes, and possibly other minor assemblies (Willett and Lupashin, unpublished) . The COG complex both physically and functionally interacts with all classes of molecules maintaining intra-Golgi trafficking, namely SNAREs, SNARE-interacting proteins, Rabs, coiled-coil tethers, vesicular coats, and molecular motors ( Fig. 1 ; Tables 1, 2 , 3, 4) . In this report, we will review the current state of the COG interactome and analyze possible scenarios for the role of the COG complex in orchestrating intra-Golgi membrane transport. It is important to note that many published interactions with COG subunits have been observed using yeast two-hybrid, overexpression, or in vitro strategies and thus represent a set of potential protein-protein interactions. It is likely that not all these interactions are being utilized in a given cell type. The stringency and specificity of COG subunit interactions with partner proteins may also be affected by the assembly of COG subunits into the COG complex and/or COG subcomplexes.
SNAREs
Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) are the proteins responsible for driving membrane fusion (Weber et al. 1998) . During SNARE-mediated fusion, a v-SNARE, carried on a donor membrane (or vesicle), will bind to a pre-formed t-SNARE complex on an acceptor membrane . SNARE proteins generally have four domains (Ungar and Hughson 2003) . First, the N-terminal peptide that is the region implicated in SNARE regulation by SM proteins. This is followed by a larger N-terminal domain (NTD), which in some syntaxin family SNAREs forms a three helix bundle and is then referred to as the Habc domain. The SNARE domain is the business end of the fusion machinery, while a trans-membrane domain may or may not be present based on the specific SNARE in question. SNAREs can be classified by the structure of their SNARE domain into Qa, Qb, Qc, and R categories, with Q SNAREs typically corresponding to t-SNAREs and R SNAREs corresponding to v-SNAREs (Kloepper et al. 2007 ). Membrane fusion is mediated via the SNARE domains that will form a four-helix bundle (or SNARE-pin) (Sutton et al. 1998) . It is the zippering action during the formation of the helix bundle that will drive the membranes into close enough proximity that the two adjacent membranes will fuse Söllner et al. 1993) . Membrane fusion results in the formation of the cis-SNARE complex that is then disassembled by NSF, thus recycling the SNAREs for subsequent rounds of membrane fusion.
Interaction with SNAREs and SNARE complexes is the most common feature of CATCHR complexes. The Dsl1/ ZW10 complex interacts with the ER-located STX18 SNARE complex (Arasaki et al. 2006; Hirose et al. 2004) , the GARP/Vps51-54 complex interacts with the transGolgi STX16 SNARE complex (Siniossoglou and Pelham 2002; Perez-Victoria and Bonifacino 2009) , and the Exocyst complex interacts with the plasma membrane SNARE Sec9 (Morgera et al. 2012) .
There are several SNARE complexes that operate at the Golgi including the STX5/GS27/Sec22/Bet1 complex, which in mammalian cells mostly operates at the ERGIC compartment (Xu et al. 2000) , the STX5/GS27/GS28/GS15 complex, which is found throughout the entire Golgi (Volchuk et al. 2004) , and the STX16/STX6/Vti1a/Vamp4 complex, which operates between the endosomal compartments and the trans side of the Golgi (Tang et al. 1998) . The COG complex has been shown to extensively interact with both intra-Golgi and trans-Golgi-localized SNARE complexes, but not with the ERGIC SNAREs (Suvorova et al. 2002; Laufman et al. 2009 Laufman et al. , 2011 Laufman et al. , 2013 Shestakova et al. 2007; Willett et al. 2013) . All published interactions between COG subunits and SNARE proteins are summarized in Table 1 .
Potential COG-SNARE interactions have been screened using a multitude of different assays including yeast twohybrid, Co-IP, and pull-down assays. Using a directed yeast two-hybrid screen, all eight COG subunits were probed for interaction with 14 Golgi-localized SNAREs . From this, it was concluded that COG4 is capable of interaction with STX5, COG6 is capable of interacting with STX5, STX6, GS27, and SNAP29, and finally that COG8 is capable of interacting with STX5, GS27, and STX16. Also, suggesting potential interactions between COG and SNAREs was a study using in vitro pull-down of COG4 followed by Western blotting to detect interactions with the SNAREs GS28, Vti1a, and STX16 (Laufman et al. 2013) , indicating the possibility of COG4 to interact directly with both the STX5 containing SNARE complex and the STX16 containing SNARE complex. Similarly, the interaction between COG6 and STX6 was also detected by this method (Laufman et al. 2011) . Testing the COG-SNARE interactions in an in vivo system verified the potential interactions detected in the in vitro systems both in a transient overexpression model (Laufman et al. 2009 (Laufman et al. , 2011 Willett et al. 2013; Kudlyk et al. 2013 ) and with endogenous proteins (Laufman et al. 2013) . Most recently, a comprehensive co-IP (Laufman et al. 2013 ) revealed previously undetected interactions between COG7 and the SNAREs STX6, STX16, GS28, and GS15.
Defects in the COG complex were found to be deleterious for the formation and/or stability of both the STX5/ GS27/GS28/GS15 and the STX16/STX6/Vti1a/Vamp4 complexes, suggesting that COG-SNARE interactions are essential for the Golgi trafficking (Shestakova et al. 2007; Laufman et al. 2009 Laufman et al. , 2013 . The COG4 and COG8 interactions with STX5 and STX16 (respectively) were further probed using a mitochondrial knock-sideways assay. In this assay, cells expressing a COG4 or COG8 fusion protein with the mitochondrial-targeting sequence ActA (Sengupta Fig. 1 COG complex interactome defines subunit specific hubs of regulated trafficking related proteins. A comprehensive map of interactions between COG subunits and different trafficking related proteins. COG subunits can be classified by the groups of trafficking proteins that they interact with including SNAREs (blue), tethers (purple), Rabs (yellow), and coat and motor proteins (maroon). In this organization scheme, we define the COG subunits as hubs for the class of protein that they interact with. COG subunits COG2 and COG3 are defined as ''tether hubs,'' COG2, COG3, and COG4 are defined as ''coat and motor hubs,'' COG4, COG5, and COG6 are defined as ''Rab hubs,'' and COG4, COG6, COG7, and COG8 are defined as ''SNARE hubs.'' Interestingly, COG1 has no other specific interactions; therefore, it is designated as the critical subunit for maintaining the structural integrity of the entire complex Histochem Cell Biol (2013) 140:271-283 273 et al. 2009) were examined for their ability to recruit interacting proteins from their normal Golgi localization to outer mitochondrial membranes. This demonstrated that specific interacting SNARE proteins are actively recruited to the mitochondria by specific COG subunits, suggesting a role of the COG complex in serving as a specific landmark for SNARE proteins to deliver them to their destination .
Mapping COG interacting domains with SNARE proteins has also been of interest. The interaction site of the COG4 protein with the SNARE STX5 was narrowed down to the first 222 amino acids of human COG4 and then later further refined to amino acids 1-153 (Shestakova et al. 2007; Laufman et al. 2009 ). The interaction site of COG6 with the SNAREs GS27 and STX6 has been narrowed down to amino acids 76-150 Kudlyk et al. 2013; Laufman et al. 2011 ). This same part of the protein is essential for COG6's ability to incorporate into the COG complex and for Golgi integrity. The interacting region of COG8 with STX16 has been narrowed down to the C-terminus, since the first 436 amino acids were shown not to be essential for interacting with STX16 .
It was found that it is the SNARE domains of STX5 and STX16 that are responsible for binding to COG subunits Laufman et al. 2013) . (2002) GS28 ( Y2H yeast two-hybrid, Co-IP co-immunoprecipitation, PD-W pull-down with subsequent Western blot, AC-MS affinity capture with subsequent mass-speck analysis, PD-G pull-down with subsequent gel staining, PCA protein fragment complementation assay 
SM proteins
Sec1/Munc18 (SM) proteins are a small class of proteins which function to regulate SNARE proteins. SM proteins are ''clasp'' like shaped proteins that bind to SNAREs in one of three conformations. The first example is the closed conformation, characterized by the Munc18/Syntaxin1 interaction (Misura et al. 2000) . In this arrangement, Munc18-1 clamps onto the SNARE that has its Habc domain folded onto its SNARE domain (closed conformation), thus blocking it from interaction with other SNARE proteins (Fernandez et al. 1998 ). Munc18-1 will bind to the closed SNARE via its central cavity (Misura et al. 2000) , preventing it from interaction with its cognate SNAREs and thus illustrating an inhibitory role of SM regulation of SNARE proteins (Gerber et al. 2008) . SM proteins can also bind to the N-terminal peptide of SNAREs, and in doing so may act as positive [like Sly1 binding to STX5 (Dulubova et al. 2002) ] or negative [like Vps45 binding to STX16 (Dulubova et al. 2002) and Munc18-1 binding to STX1 (Burkhardt et al. 2008 )] regulators of SNARE-mediated membrane fusion. Finally, SM proteins may bind to the fully assembled trans-SNARE complex (Dulubova et al. 1999; Carr et al. 1999 ).
The regulation of the direct interaction between COG4 and STX5 by the SM protein Sly1 was affirmed by co-IP and in vitro pull-down experiments (Laufman et al. 2009 ). In good agreement with this data, the Sly1 mutant dominant allele SLY1-20 is capable of suppressing the phenotyopes of COG subunit mutations in yeast (VanRheenen et al. 1998) , further indicating the presence of COG-Sly1 interactions in vivo. COG4 and COG7 were also found to interact directly with another SM protein, the STX16 regulator Vps45 (Laufman et al. 2013 ).
Rabs
Rab proteins are members of the small Ras like GTPase superfamily and serve as molecular switches, regulating the four steps of vesicular transport at every stage of the secretory pathway. Rab proteins cycle between ''active'' GTP-bound and ''inactive'' GDP-bound states, which are regulated by GEFs (guanine nucleotide exchange factors) that exchange the bound GDP for GTP, and GAPs (guanine-activating proteins) that accelerate GTP hydrolysis (Hutagalung and Novick 2011) . Coupled to the nucleotide exchange is the Rab's localization. When inactive, Rabs (Miller et al. 2013) are bound by GDIs (GDP dissociation inhibitors) which will mask their hydrophobic isoprenyl moiety and therefore keep the Rab in the cytosol (Ullrich et al. 1993) . GDFs (GDI displacement factors) will dissociate GDI from the Rab, exposing its isoprenyl moiety, as well as making it available for interaction with GEFs, to then activate the Rab and recruit it to a specific membrane compartment where it will function with its effector molecules (Zerial and McBride 2001) . There are several well-characterized examples of the function of Rab proteins during membrane trafficking, including sorting, regulating motor proteins, and regulating trafficking steps such as membrane fusion and vesicle tethering. In line with this, there is surmounting evidence of tethering proteins being Rab effectors. One such example is from the yeast system identifying the Exocyst subunits Sec15 and Sec8 as effectors of the Rab Sec4 (Guo et al. 1999; Toikkanen et al. 2003) . Exocyst-Rab interactions were also confirmed in the mammalian system with Sec15 functioning as an effector of Rab11 .
Of the[60 mammalian Rabs that have been identified to date (Schultz et al. 2000) , 12 of them have been shown to interact with different COG subunits including Rab 1 (isoforms 1a and 1b) Rab2a, Rab4a, Rab6 (isoforms 6a and 6b), Rab10, Rab14, Rab30, Rab36, Rab39, and Rab 41 (see Table 2 ). In the yeast system, COG2 (Sec35) and COG3 (Sec34) were shown via GST pull-down from cell lysate to interact with the Rab1 and Rab6 yeast homologs Ypt1 and Ypt6 (respectively) (Suvorova et al. 2002) . Subsequent comprehensive yeast two-hybrid screens for mammalian COG-Rab interactions highlight multiple potential interactions including COG6 with Rab1a/b, Rab2a, Rab4a, Rab6a/b, Rab10, Rab14, Rab36, and Rab41, COG5 with Rab2a and Rab39, and COG4 with Rab1a, Rab4a, and Rab30 (Miller et al. 2013; Fukuda et al. 2008) . Of these interactions, COG4's interactions with Rab1a and Rab30 were detected directly by in vitro pull-down, while Rab1a, Rab4a, Rab6a, and Rab30 were all shown to interact with the COG complex by an in vitro pull-down approach. In addition, mitochondrial relocalization assays confirmed the interactions between COG5 and Rab2a, as well as between COG6 and Rab1a, Rab2a, Rab4a, and Rab6a (Miller et al. 2013 ). Thus, concluding that the COG complex has multiple modes of interactions with Golgi Rab proteins. Importantly, COG interacted in all cases stronger with the GTP-bound Rabs than the GDP versions, indicating that the COG complex and/or COG sub-complexes are true effectors of Rab GTPases.
Tethers
As described above, tethers come in two flavors, long coiled-coil tethers and MTCs. In addition to COG subunits interacting with the aforementioned vesicular trafficking machinery, COG subunits also interact with coiled-coil tethers and other tethering complexes (Table 3) . Co-IP of lobe A subunits revealed an interaction between COG2 and the golgin p115, and COG3 with the golgins p115, GM130, and Giantin (Sohda et al. 2007 ). Similarly, co-IP analysis also revealed interactions between the golgin84 and COG subunits COG3 and COG7 (Sohda et al. 2010) . Furthermore, in vitro pull-down of recombinant COG7 and golgin84 affirms that the two proteins are directly interacting.
In addition to these direct interactions, potential interactions between COG subunits and the golgins TMF, CASP, GM130, and golgin84 have also been identified. In a yeast two-hybrid screen with all eight COG subunits, TMF was found to be capable of interacting with COG2 and COG6, CASP was capable of interacting with COG2 and COG8, GM130 was capable of interacting with COG2 and COG5, and golgin84 (in addition to its verified interaction with COG7) was capable of interacting with COG2 (Miller et al. 2013 ). These studies revealed COG2 as a major potential link between the COG complex and coiledcoil tethers. The interactions with TMF were also confirmed with co-IPs, and it could be shown that the complex is able to interact with both ends of this golgin (Miller et al. 2013) .
COG interactions with other tethers are not restricted to coiled-coil tethers. In yeast, indirect interactions between COG3 and the GARP complex subunit Vps52 (Tarassov et al. 2008 ) and COG4 and the Dsl1 complex subunit Tip20 (Uetz et al. 2000) were reported using yeast two-hybrid assays. Indirect interactions with the Exocyst complex have also been identified by yeast two-hybrid screens showing interactions of the subunits COG2 and Exo70 (Arabidopsis Interactome Mapping 2011; Giot et al. 2003) , and COG6 and Sec6 (Giot et al. 2003) , indicating the possibility of interactions between the COG and the Exocyst complexes.
COG interaction with other trafficking related proteins
Intriguingly, seven out of the eight COG subunits (COG7 being excluded) have shown direct and/or indirect interactions with the COPI vesicle coat proteins. The COPI vesicle protein coat consists of 7 soluble proteins which are recruited to a membrane by the small GTPase Arf1 (Rothman and Wieland 1996) . Pull-down of the yeast COG subunits COG1, 2, 3, 4, and 6 followed by Western blotting revealed specific interactions with the entire COPI complex (Suvorova et al. 2002) . Similar results were obtained in coIPs with solubilized rat liver Golgi membranes (Zolov and Lupashin 2005) . Comprehensive yeast two-hybrid analysis of human COG-COPI interactions revealed that human bCOP is the only COPI subunit that can directly interact with three COG subunits COG2, COG5, and COG8, with COG2 being the strongest bCOP partner (Miller et al. 2013) . In yeast, COG4 may also interact with GEA2, a protein that facilitates guanine nucleotide exchange for the small GTPase regulating formation of COPI-coated vesicles, Arf1 (Chen et al. 2011) .
In addition to the COPI vesicular coat, the COG complex is likely to interact with the clathrin coat as well, since COG3 was found to be co-precipitated with the clathrin assembly protein AP3B1 (Kristensen et al. 2012) .
Finally, COG interactions have also been identified with molecular motor proteins. Affinity capture of COG3 followed by mass spec analysis found potential interactions with the motor proteins myosin heavy chain 14 (MYH14) and myosin light chain 12 (MYL12), as well as with the actin-related proteins ACTR1A and ARP66B (Giot et al. 2003; Kristensen et al. 2012) . In addition to actin-related motors, COG complex may also interact with microtubule motors. A yeast two-hybrid screen in worms revealed a direct interaction of COG2 with the kinesin-like protein KLP4 (Li et al. 2004 ).
Interaction hubs of COG
The resulting interaction diagram (Fig. 1 ) offers itself to some generalization on major COG ''interaction hubs.'' COG1 does not have any verified interactions outside of the COG complex and thus is likely to play a major role in regulating the interaction between different COG subcomplexes (Fotso et al. 2005; Ungar et al. 2005) . As proposed by Miller et al. (Miller et al. 2013) , COG2 is likely to be a major ''tether hub,'' connecting the COG complex to coiled-coil tethers. In addition to tethers, COG2 may also serve as a minor hub for vesicular coat components and/or kinesin motor (s). COG3 shows some interactions with tethers serving as a minor ''tether hub.'' More uniquely, COG3 shows interaction with the actin cytoskeleton and myosin motors, indicating that COG3 is a major ''motor hub'' of the COG complex. In good agreement with this assignment, the acute interference with COG3 function by antibody microinjection or siRNA treatment causes a pronounced Golgi disruption and a massive accumulation of non-tethered vesicles (Zolov and Lupashin 2005) . COG4 is the only lobe A subunit that interacts with multiple SNARE and Rab proteins, and we therefore designate COG4 as a ''SNARE and Rab hub.'' In agreement with this assignment, COG4 is shown to interact with the VCP protein, a member of the AAA ATPase family that binds the COG4-interacting SNARE STX5 (Uchiyama and Kondo 2005) , and is important for Golgi re-assembly (Rabouille et al. 1995) . COG4 is also a ''coat hub'' since it shows a unique interaction with the Arf1 Guanidine exchange factor GEA2 and with clathrin heavy chain. COG5 along with COG6 are two ''Rab hubs'' in the lobe B COG sub-complex. In addition, COG6 along with COG8 shows interactions with b-COP and therefore may serve as minor ''coat hubs.'' In agreement with Miller et al. (2013) , COG6 serves as a major lobe B ''SNARE and Rab hub.'' COG7 and COG8 both interact with multiple SNAREs and SNARE-associated proteins and therefore serve as additional ''SNARE hubs.''
Models for COG complex involvement in membrane trafficking
Three separate, but interconnected, molecular roles for the COG complex have been proposed: assembly of vesicle docking stations Shestakova et al. 2007) , direct facilitation of vesicle tethering (Suvorova et al. 2002; Zolov and Lupashin 2005; Miller et al. 2013) , and promotion of SNARE complex assembly (Shestakova et al. 2007; Laufman et al. 2011 Laufman et al. , 2013 Kudlyk et al. 2013) . Below, we will analyze the COG complex interactions with different protein partners in relation to these proposed functions. The importance of COG-mediated trafficking comes from the cargo transported by the retrograde vesicles. This is mainly made up of glycosylation enzymes and other glycosylation associated proteins, such as sugar nucleotide transporters. Thus, this vesicle transport route is responsible for ensuring the non-uniform distribution of the glycosylation machinery between Golgi cisternae, a prerequisite for correct glycan biosynthesis. COG's central importance in this process is highlighted by the numerous glycosylation phenotypes found in COG defective model organisms (Kingsley et al. 1986; Whyte and Munro 2001; Struwe and Reinhold 2012) and in COG defective patient or human cell lines (Wu et al. 2004; Zeevaert et al. 2008; Pokrovskaya et al. 2011) . Interestingly, different COG mutations can cause very different glycosylation anomalies in the same model. Largely, lobe A defects affect early Golgi glycosylation, while lobe B defects modify late Golgi reactions (Miller and Ungar 2012) . Detailed mechanistic knowledge of COG function will be required to understand how the different COG mutations cause such different effects on glycosylation homeostasis.
Docking station assembly model
In the docking station assembly model (Fig. 2) , the entire COG complex, as well as its sub-complexes, may act to orchestrate the assembly of pre-tethering protein complexes on an acceptor membrane. These complexes would include a specific combination of Rabs, coiled tethers, and t-SNAREs, and would transiently assemble at the rims of different Golgi cisternae. These primed assembled complexes would then be ready to accept incoming retrograde transport vesicles. Indeed, immunogold electron microscopy reveals that the COG1 protein is localized both on vesicular structures and on (or in close proximity to) the tips and rims of the Golgi's cisternae (Vasile et al. 2006) . In order to recognize trafficking intermediates with different destination addresses, distinct docking stations must be assembled at different Golgi cisternae. We hypothesize that these assemblies are organized by binary interactions between individual docking components and the multipronged interactions between COG and other docking station components. In this scenario, different COG subcomplexes should recognize different protein assemblies. Indeed, specific cis-Golgi interactions (COG2-p115, COG4-Rab1, COG4-STX5) have been observed for lobe A of the COG complex, while lobe B components demonstrated interactions with trans-Golgi factors (COG6-Rab6, COG6-STX6, and COG8-STX16). In a good agreement with this model, COG4 transplanted to the outer mitochondrial membrane was efficient in recruiting other COG subunits, cis-Golgi Rabs, and the coiled-coil protein p115 to build docking stations that can tether STX5-containing trafficking intermediates, while COG8 was found to recruit a different set of partners including lobe B components and the trans-Golgi Rab6 to direct the trafficking of STX16-bearing membranes .
The major problem with this model is the lack of information about the signal(s) that initiate the formation of the vesicle docking stations in the right place at the right time. One possibility here is that RabGEF's or yet another COG interacting partner could sense environmental queues (abundance of components of the glycosylation machinery, lipid composition, etc.) to initiate the formation of docking stations.
Direct facilitation of vesicle tethering model
Both yeast and mammalian cells deficient for COG complex subunits accumulate non-tethered transport vesicles that are enriched in recycling Golgi components, indicating that the COG complex, and/or its sub-complexes are directly facilitating the tethering of transport intermediates (Wuestehube et al. 1996; Zolov and Lupashin 2005; Sohda et al. 2010) . Indeed, the direct binding of intra-Golgi vesicles to immobilized COG complex was demonstrated (Shestakova et al. 2006) . Moreover, several COG subunits are able to bind COPI coat components (Miller et al. 2013; Suvorova et al. 2002; Ram et al. 2002; Zolov and Lupashin 2005) , indicating the direct involvement of the COG complex in recognition of COPI-coated intra-Golgi vesicles. In the vesicle tethering model (Fig. 3) , the COG complex may use its protein-protein recognition skills to establish firm bridges between an acceptor membrane and an incoming retrograde vesicle. In this model, the COG complex may simultaneously establish the connection with the vesicle (via coat, v-SNAREs, and Rab proteins) and acceptor membrane (via t-SNAREs and Rabs). The simultaneous binding may stabilize and shorten already existing vesicle-membrane interactions facilitated by coiled-coil tethers like p115, golgin84, or TMF, which form an initial long-range link between the Golgi membrane and an incoming vesicle. COG would thus act to reel-in a vesicle and help to read out the targeting Fig. 2 The COG complex assembles docking stations for retrograde intra-Golgi vesicles. Hypothetical model depicting how the COG complex may serve to assemble docking stations on Golgi membranes for incoming retrograde vesicles. In this model, the COG complex (or COG sub-complexes) act to orchestrate the assembly of a pretethering protein complex through interactions with Rabs, coiled-coil tethers, and SNAREs. The targeting of a vesicle in this model is defined by the specific COG interactions, meaning the Rab, SNARE, or tether that are assembled into the docking complex Fig. 3 The COG complex directly facilitates vesicle tethering. Hypothetical model depicting how the COG complex may act to directly facilitate the tethering of a retrograde vesicle with its acceptor membrane. In this model, the interactions between COG subunits and trafficking proteins carried on an incoming vesicle (for example, v-SNAREs, Rabs, and/or coat proteins) would establish a connection between the vesicle and an acceptor membrane. Additionally, COG interactions could also serve to shorten or even stabilize the connection between the vesicle and the acceptor membrane achieved by long coiled-coil tethers Histochem Cell Biol (2013) 140:271-283 279 information displayed by a specific subset of Rabs and golgins (Miller et al. 2013) .
SNARE complexes stabilization model
An important feature of COG-deprived cells is an increased degradation of a subset of Golgi SNAREs (Oka et al. 2004; Zolov and Lupashin 2005; Laufman et al. 2011 ) and a relative decrease in the steady-state levels of Golgi-operating SNARE complexes (Laufman et al. 2009 (Laufman et al. , 2013 Shestakova et al. 2007 ). This feature was interpreted as a direct involvement of the COG complex in the formation and/or stabilization of SNARE complexes. Yet, caution needs to be exercised with this interpretation, since several Golgi-localized proteins (termed GEARs) have been shown to be sensitive to COG mutations (Oka et al. 2004 ). Thus, the instability of the SNAREs could well be a secondary effect.
In the SNARE complex stabilization model (Fig. 4) , the COG complex or its sub-complexes may enhance the stability of SNAREs by multi-pronged binding to a preassembled t-t and/or v-t-SNARE complexes. For instance, the entire COG complex may bind to the STX5/GS27/ GS28 t-t-SNARE complex via simultaneous interactions between COG4-STX5 (Shestakova et al. 2007 ), COG6-GS27 , and COG7-GS28 (Laufman et al. 2013) . Interactions between COG4 and the STX5 partner protein SLY1 (Laufman et al. 2009 ) may additionally stabilize this complex and protect it from NSF or VCP-mediated disassembly. Interestingly, the VCP/ CDC48/p97 ATPase that was specifically implicated in the disassembly of STX5-containing SNARE complexes (Rabouille et al. 1998) can itself bind to COG4 and COG5 (Yu et al. 2013) . In addition to stabilization, the COG complex could directly promote the formation of v-t-SNARE complexes during vesicle docking. This function has been proposed for other multi-subunit tethering complexes including HOPS (Collins et al. 2005 ) and GARP (Perez-Victoria and Bonifacino 2009). In support to this model, COG4 has been shown to facilitate SNARE complex formation in vitro (Laufman et al. 2013) .
Finally, the COG complex may act to synchronize and proofread the assembly of several SNARE complexes via a simultaneous interaction of COG subunits with SNAREs in different sets. For instance, STX5 in one SNARE complex can be approached by COG4, while COG6 from the same COG complex would bind to STX5 or GS27 in the nearby SNARE assembly cross-linking both SNARE complexes. It has been postulated that 3-8 SNARE complexes are required for the efficient fusion of one vesicle to an acceptor membrane (Hua and Scheller 2001; Domanska et al. 2009 ). In this model, the COG complex is in a unique position to orchestrate SNARE synchronization during the docking process.
Toward a unified model of COG's molecular function
The above-outlined models are not necessarily contradictory to each other, and they could in fact represent different stages of COG function. For example, the proposed docking stations could well be formed by sub-assemblies that have been observed on Golgi membranes (for example, lobe A (Willett and Lupashin, unpublished) ), while other sub-assemblies [for example, cytosolic lobe B (Ungar et al. 2002) ] could act in bridging the distance between vesicle and target membranes. It is interesting in this respect that excess lobe A may inhibit lobe B mediated tethering at the trans-Golgi (Cottam and Ungar submitted manuscript) implying that a delicate balance of the different COG subassemblies is necessary to facilitate intra-Golgi transport.
Moreover, the SNARE assembly function of COG could easily be incorporated into both the docking station and the membrane bridging models. The complex or its appropriate sub-assemblies are in the right spot in the docking station model to promote SNARE assembly once the vesicle is in close enough proximity to the target membrane. In contrast, the bridge formed by COG in the bridging model could well morph into a SNARE assembly helper.
Concluding remarks
It is clear that the COG complex plays a central role in the targeting of vesicles at the Golgi apparatus. This is most likely achieved by a large number of weak interactions and some accompanying conformational changes. The past few Fig. 4 The COG complex stabilizes SNARE complexes. Hypothetical model depicting how the COG complex may assist in the stabilization of t-t and or v-t-SNARE complexes. In this model, multiple COG subunits interacting with the same SNARE complex (COG4-STX5, COG6-GS27, and COG7-GS28 interactions with the STX5/GS27/GS28/GS15 SNARE complex and COG6-STX6, COG8-STX16, and COG4-Vti1a interactions with the STX16/STX6/Vti1a/ Vamp4 SNARE complex) may act to stabilize the complex and protect it from NSF-mediated disassembly. Furthermore, interactions between COG subunits and SM proteins may aid in the COGmediated stabilization of SNARE complexes years have accumulated a wealth of knowledge about COG's protein interactions and given us some beginning insight into how these interactions could bring a vesicle close to a specific Golgi cisterna and promote SNAREmediated fusion. Any of the three outlined models-COG acting as a docking station, bridging the membranes, or mediating SNARE assembly-or their combination would fit currently available evidence. The rather large number of interaction partners plausibly reflects several independent targeting steps that COG is involved in, and untangling this mesh will be the most difficult challenge for COG research in the near future. Help could come from the Golgi's main function-glycosylation. Different sets of glycosylation enzymes have to be targeted to the various cisternae. Each of these targeting reactions requires COG, but conceivably different sets of interaction partners. COG-dependent CDGs, for example, exhibit defects in trans-Golgi enzyme sorting, likely due to the inviability of defects earlier in the Golgi. Thus, the molecular defects in these diseases can give us some clues about the targeting requirements for the late Golgi region, and similarly, more severe glycosylation defects in model organisms can be used to investigate COG's early Golgi functions. In closing, more detailed structural studies in combination with in vitro reconstitution assays and sophisticated in vivo dissections of the different COG-mediated trafficking steps will ultimately be required to fully understand the molecular workings of this intriguing membrane trafficking machine.
